1996)
; it displays limited serine-peptidase activity against peptides of fewer than 6 residues, preferentially cleaving them after hydrophobic residues (Woo et al., 1989; . Ser-97 and His-122 were identified by mutagenesis as two components of its catalytic triad (Maurizi et al., 1990) ; in this study, we have identified Asp-171 as the third component. Degradation of peptides longer than ‫6ف‬ residues requires the participation of an ATPase subunit such as ClpA to form the active protease (ClpAP), but not ATP hydrolysis; by contrast, degradation of protein substrates requires ATP hydrolysis as well as ClpAP. Protein substrates are degraded in a highly processive manner, producing 7-to 10-residue peptides; the pattern of cleavage does not show any Figure 1 . Electron Density Map of the Region between Helix C and clear sequence specificity ThompStrand 5 son and . At presThe |F o |exp(i ave ) electron density map is contoured at 1.5 and ent, little is known about the mechanism of ATP-depensuperimposed upon the refined model. |Fo| and ave are the observed dent proteolysis by Clp; from the crystal structure of amplitudes, and the calculated phases after NCS averaging with
ClpP presented here, we provide some essential struc-RAVE (Jones, 1992) , respectively. In this map, the turn between helix tural clues to its mechanism of action.
C and strand 5 (residues 80-85) is stabilized by a solvent molecule or a cation. The refined model is superimposed on the density as a wire model. A water molecule and the unidentified solvent/cation
Results and Discussion
molecule are shown as magenta spheres.
Structure Determination
The crystals of ClpP diffract to 2.2 Å resolution and ClpP Subunits Have a Unique Fold belong to the space group C2 with cell dimensions: a ϭ around a Conserved Serine 193.32 Å , b ϭ 102.46 Å , c ϭ 157.08 Å , and ␤ ϭ 97.8Њ.
Protease Architecture The asymmetric unit contains a single tetradecamer and Each ClpP subunit has an ␣/␤ fold made up of six repeats has an estimated solvent content of 55% (Matthews, of the ␣/␤ unit (A/1/2, B/3/4, C/5/6, D/7/8, F/10, and 1968). The structure of ClpP was determined without G/11) with an additional protruding ␣/␤ unit (E/9). The the benefit of heavy atom derivatives, utilizing instead ten ␤ strands (1-8, 10, and 11) form two layers of ␤ the 14-fold NCS (noncrystallographic symmetry) inforsheets that pack against a layer of ␣ helices (A-D and mation present in the diffraction data. Initial phases were F, G). The layers of sheets are mutually perpendicular, calculated from a cylindrically symmetric molecular mask, creating one side of the substrate-binding cleft. In prodetermined from electron microscopy and solution jection, the ClpP monomer resembles a hatchet with a small-angle scattering. The 7-fold NCS matrices, deterwedge-shaped head (head domain) and a short handle mined from the self-rotation function, allowed the ( Figures 2A and 2B ). Residues 28-120 and 160-188 comphases to be refined and gradually extended from 20 prise the head domain, and the "handle" is formed by to 8 Å resolution. Conceptually, this procedure is analoresidues 125-130 and 132-157 (␤ strand 9 and helix gous to molecular replacement followed by NCS averag-E). The amino (residues 11-27) and carboxyl (189-193) ing, solvent flattening, and phase extension to high resotermini lie at opposite ends of the head domain, exlution. However, it differs from molecular replacement tending away from its central core. The catalytic triad, in at least one key aspect: the rather crude uniform Ser-97, His-122, and Asp-171, is located in a cleft at the density model for ClpP is only valid at sufficiently low junction of the head domain and handle (Figures 2A and resolution, where the phases of diffraction data depend 2B). The secondary structural elements are shown in primarily on the overall shape of the particle, its orienta- Figure 2C above a sequence alignment of members of tion and location, and the solvent content in the unit the ClpP family. cell, and are much less dependent on fluctuations in It is our belief that the structure of ClpP defines a electron density within the mask (or object). The addififth family of serine proteases (the other four being tional 2-fold axes were identified in electron density chymotrypsin-like, trypsin-like, subtilisin-like, and Cymaps calculated at 8 Å resolution, allowing 14-fold avertomegalovirus proteases; Perona and Craik, 1995; Chen aging to be used in subsequent phase refinement and et al., 1996) and represents a new fold; comparison with extension to 2.2 Å resolution. At 5 Å resolution, the map proteins in the DALI database (Holm and Sander, 1993) showed some inconsistencies with the starting molecurevealed only a weak similarity between the threelar mask. The mask was changed to reflect the new dimensional structures of ClpP and porcine ribonuexperimental density, and thereafter, it was continuclease inhibitor (Kobe and Deisenhofer, 1993) , a funcously improved with maskless averaging and the NCS tionally unrelated protein. Although the tertiary folds of operators were updated. The phase refinement and exthe five serine protease families are distinct, the essentension procedure yielded an experimental electron tial features of their catalytic architecture are conserved. density map at 2.2 Å resolution (Figure 1 ) that was readily This is evident in a least-squares superposition of the interpretable; even ordered solvent molecules were active sites of ClpP and trypsin ( Figure 3A ) that allowed clearly visible. A model was built and refined using standard techniques (Table 1) .
us to identify Asp-171, 1 of 8 conserved negatively Standard definitions are used for all of the parameters (Drenth, 1994) . The values for the data collection statistics are taken from SCALEPACK (Otwinowski and Minor, 1997) , and the values for the refinement and geometric statistics are taken from X-PLOR (Brü nger, 1992) . The Ramachandran analysis was performed with PROCHECK (Laskowski et al., 1993) . Both native sets (COMBIN) were combined with a 1 cutoff for intensities. Excluding these reflections allowed us to extend and refine the phases to the 2.2 Å resolution limit. For the combined native data set, the R merge was 22.5% for the data between 80 and 4.5 Å resolution.
charged residues, as the third component of the triad. In This arrangement is reminiscent of the substrate binding pocket in subtilisin, in which two ␤ strands from the the refined structure of ClpP, a hydrogen bond between Asp-171 and His-122 is evident: the distance between enzyme form a three-stranded antiparallel ␤ sheet with a bound substrate (Perona and Craik, 1995) . Based upon the Asp-171O␦1 and His-122N␦1 is 2.9 Å and the expected hydrogen bond is nearly colinear in the O␦1-Hour preliminary analysis of the ClpP-DFP complex and by analogy with the substrate-binding pocket in sub-N␦1 arrangement. Additionally, the side chain of Asp-171 forms two hydrogen bonds with the side chains of the tilisin, we modeled a hepta-peptide, E 6 LRWMW 1 -A 1Ј , into the cleft of the ClpP monomer. In an extended conformanonconserved residues His-138 and Tyr-128, both of which are contributed by a neighboring intraring subunit. tion, the model peptide can be oriented to form an antiparallel ␤ sheet with strands 9 and 4 of ClpP. The extent A similar arrangement is observed in chymotrypsin where the orientation of the catalytic aspartate is fixed of ClpP's apparent substrate-binding pocket, in the monomer, is defined by the length of ␤ strand 9, to which by a hydrogen bond involving the backbone amide of the catalytic histidine (Blow and Steitz, 1970) . Consistent the backbone atoms of the peptide's P1-P6 residues make hydrogen-bonding interactions with the backbone with a role for Asp-171 in the catalytic triad, ClpP where Asp-171 is substituted with alanine lacks peptidase acatoms of the protein ( Figure 3C ). Oriented in this manner, the substrate Trp, in the P1 position, is located in a deep tivity against a fluorogenic peptide (K. Griffin and J. M. F. unpublished data).
hydrophobic (S1) pocket and the scissile W 1 -A 1Ј bond is proximal to the attacking Ser-97 and oxyanion hole. In the apo structure of ClpP, the catalytically important hydrogen bond between Ser-97O␥-His-122N⑀2 is not To test our model for substrate binding, we determined the structures of ClpP in complex with the tri-peptide present. Although the N⑀2-O␥ distance is 2.7 Å , the angular geometry of the resultant hydrogen bond would Suc-Leu-Leu-Met-aldehyde (M. Bewley, J. W., J. H., and J. M. F., unpublished data). Preliminary analyses of this be poor ( Figure 3A ). Mechanistic studies in some serine proteases indicate that this interaction is absent in the structure support the current model. resting state and forms only during hydrolysis of peptide bonds (Steitz and Shulman, 1982) . To characterize fur-
The Active Sites Are Located in a Central Chamber Tetradecameric ClpP has an overall cylindrical shape, ther the serine proteolytic mechanism of ClpP, we determined the structure of a covalent complex between ClpP ‫09ف‬ Å in both height and diameter, with a central penetrating channel (Figure 4 ), in agreement with previous and di-isopropyl-fluorophosphate (DFP) at 2.5 Å resolution. In a difference Fourier map (2Fo Ϫ Fc[apo]), elecstructural studies (Flanagan et al., 1995; Kessel et al., 1995) . The 14 proteolytic active sites are enclosed within tron density was observed in all 14 active sites corresponding to a covalent adduct between Ser-97O␥ and a central, spherical 51 Å chamber formed by the association of the two heptameric rings ( Figures 4D and 4E ). di-isopropyl-phosphate. In the complex, the backbone amides of Gly-68 and Met-98, which are thought to parAccess to the chamber from outside is controlled by two axial entrance pores (12 Å long). The pores' interior ticipate in stabilization of the oxyanion intermediate, are hydrogen-bonded to an oxygen atom of the phosphate surface is hydrophilic ( Figure 5F ) and formed by residues 11-17, whose main-chain atoms lie parallel to the seven-( Figure 3B ); the O␥ of Ser-97 reorients, forming a covalent attachment to this phosphate; and His-122N⑀2 fold axis of the oligomer. Two conserved aromatic residues (Phe-17 in helix A and Phe-49 in helix B) from each forms a hydrogen bond with a phosphate oxygen that is attached to an isopropyl group.
subunit are located at the outer periphery of the pores. These residues may play a role in assisting the passage ClpP's catalytic triad lies in a cleft formed by ␤ strand 4 in the head domain and strand 9 from the handle.
of substrates into, and products out of, the proteolytic (Priestle, 1988) shows the structure of the ClpP subunit. The amino and carboxyl termini, every 20th C␣, and the catalytic triad (Ser-97, His-122, and Asp-171) are labeled. (B) A ribbon diagram (Kraulis, 1991) of the ClpP subunit shows its ␣/␤-type fold. The helices and strands are shown from amino to carboxyl terminus with rainbow coloring. In addition, residues in the catalytic triad magenta; green; red) and those that are proposed to stabilize the oxyanion intermediate olive) are drawn as spheres. In (A) and (B), the seven-fold axis runs in the vertical direction.
(C) A sequence alignment of proteins in the ClpP protease family. Residues in the catalytic triad are shown in green, conserved negatively charged residues in red, conserved positively charged residue in blue, and other conserved residues in yellow; the boxed residues are those that deviate from their consensus sequence (at least six identical or equivalent residues). Shown below the aligned ClpP sequences is a one- ) binds in a cleft formed by strand 4 in the head domain and strand 9 in the handle of the ClpP subunit. This peptide, in an extended conformation, forms a three-stranded antiparallel ␤ sheet with strands 9 (below) and 4 (above) of ClpP. Included are the hydrophobic residues in the putative S1-S3 and S5 pockets in ClpP that are proposed to interact with the peptide substrate. The residues in the S2 pocket in E. coli ClpP are Val-69/Leu-125; in the plant plastid homologs of ClpP, these residues are W and A, respectively. The asterisk next to Phe-173 of the putative S3 pocket indicates that this residue is from a subunit in the opposing ring. In this figure, the seven-fold axis is oriented along the horizontal axis.
chamber. The solvent-accessible diameter of the pores We propose that the entrance pores in ClpP will define the hydrodynamic radii of polypeptides that can diffuse is ‫71ف‬ Å near their outer entrance and narrows to ‫01ف‬ Å at a constriction due to the side-chain atoms of Argfreely into and out of the proteolytic chamber, and thus impose strong constraints upon the size and conforma-12, which protrudes into the pore. The side chains of residues 11-17 are built into weak NCS-averaged election of substrates entering the proteolytic chamber and on the length of products leaving it. Consistent with this tron density; thus, the diameter of the constriction may have an error of 1-2 Å . The size of the entrance pores hypothesis, ClpP alone efficiently degrades peptides shorter than 6 residues, and more slowly degrades oligowould allow the passage of a ␤ strand, or an ␣ helix ( Figure 4F ), implying that protein substrates enter the peptides of up to ‫03ف‬ residues but does not degrade larger oligopeptides and the model protein substrate ␣ proteolytic chamber in a largely unfolded conformation. The structural features of the entrance pores and proteocasein. . Degradation of these larger substrates requires lytic chamber in ClpP are strikingly similar to those observed in the ␤-type proteolytic rings of the yeast and the ATPase components that may unfold and translocate them into ClpP (Gottesman et al., 1997) . Mechanis-T. acidophilum 20S proteosomes and in E. coli HslV (Lowe et al., 1995; Bochtler et al., 1997; Groll et al., tically, the translocation of substrates into the proteolytic chamber may resemble the energy-dependent 1997), despite their lack of homology to ClpP in primary sequence or secondary and tertiary structure, and may transport of newly synthesized polypeptides across membranes. Interestingly, ClpC, a Clp ATPase in plants underlie common features in their mechanisms. dimensional representation of the solvent inaccessibility profiles for each residue. Line 1 shows the degree of solvent-inaccessibility resulting from the folding of the monomer, and Line 2 the solvent inaccessibility due to tetradecamer formation. Solvent inaccessibility is represented on a gray scale (black buried, white solvent accessible). Directly below the alignments, the relative positions of the amino acids in the catalytic triad and oxyanion hole of ClpP, trypsin, and subtilisin are shown. (Shanklin et al., 1995) , has recently been implicated in protein import into chloroplasts (Nielsen et al., 1997) .
Surface Properties of ClpP
Each of the three major solvent-exposed surfaces (exterior sides, interior proteolytic chamber, and exterior endon) of the ClpP oligomer has a distinct character. The exterior side surfaces of ClpP are hydrophilic and composed of nonconserved residues ( Figure 4B ). The deep notches and grooves in this surface facilitate the tight packing of the oligomers in the crystal. In contrast, the residues contributing to the exposed surface of the proteolytic chamber are partially conserved, presenting ‫0055ف‬ Å 2 (out of the total 7850 Å 2 of exposed surface area in the cavity) of hydrophobic surface area to the solvent ( Figures 4A and 5F ). The hydrophobic surfaces in this chamber should be important in maintaining substrates in an unfolded and easily degradable state. Large hydrophobic surfaces are also found in the interior chambers of two other ring-like oligomers: the chaperonin GroEL (Braig et al., 1994; Boisvert et al., 1996) , and the 20S proteasome (Lowe et al., 1995; Groll et al., 1997) . In all of these oligomers, the ring-like architecture provides a framework to expose large hydrophobic surfaces, while controlling access to these surfaces.
The ATPase components of Clp are thought to bind to the exterior end-on surface of ClpP (Kessel et al., 1995) . This surface, viewed looking down the central pore of the oligomer, has a sprocket-like appearance ( Figures 4B and 4C ) due to seven ridges extending radially outward from the pore's edges. Between the ridges are seven 10 Å -wide grooves, beginning ‫45ف‬ Å from the pore's center and extending outward for ‫02ف‬ Å . domains. In the ClpP oligomer, the amino terminus of (F) A comparison of the pore size with a variety of secondary structural elements. From top to bottom and left to right: two orthogonal each subunit is located inside the cavity near the sevenviews of the entrance pores, ␤ strand 14, ␣ helix P, ␤ strands 21 fold axis; the carboxyl termini (189) (190) (191) (192) (193) are at the peand 22, and the finger domain (2 ␣ helices) of RB69 DNA polymerase, riphery of the cylinder, lying along the outer surface of respectively (Wang et al., 1997). helix B of an adjacent subunit. All helices are distributed radially, emanating from the seven-fold axis ( Figures 5A  and 5B ). The close packing of helices B and C from one subunit against the ␤ sheets (strands 1, 3, 5, 7, and 11) of the next produces alternating layers of helices and sheets around the oligomer, burying 34% of the solventaccessible surface area of each monomer. The monomer-monomer interface is predominantly hydrophobic (64%), although several hydrogen bonds (Asn-41/Tyr-20, Asn-41/Thr-32, Asp-78/Asn-116, and Asp-171/Try-128) and ion pairs (Arg-118/Glu-141, Arg-170/Glu-134, and Asp-171/His-138) also stabilize the heptamer.
The tetradecamer is formed by the intercalated stacking of the two heptameric rings via their handle domains ( Figures 5A-5D and 5F ). The interface is stabilized by the formation of hydrogen bonds with the backbone atoms of a two-stranded anti-parallel ␤ sheet (strands 9 from two-fold related subunits). Strand 9 is proposed to be implicated in our model for substrate-binding. The residues in this strand are not conserved, and their side chains do not participate in the two-fold interface or in the model for substrate binding. Stacking of the two heptameric rings buries an additional 8.5% of the solvent-accessible surface area per monomer. Thus, each monomer buries 42.5% (4360 Å 2 ) of its total surfaceaccessible area in forming the tetradecamer. Such an extensive subunit interface in ClpP implies that the oligomer provides a rigid scaffold for the proteolytic sites within the central chamber. By comparison, a subunit in the GroEL oligomer, which is thought for functional reasons to be conformationally flexible, contributes only ‫%6.6ف‬ of its surface area toward stabilizing the oligomer (Braig et al., 1994; Boisvert et al., 1996) .
Polypeptide Substrate Binding
In the proteolytic chamber of ClpP, perpendicular to the entrance pores, there are two continuous and parallel grooves inscribed around the circumference of its inner walls ( Figures 4D and 4E) . The grooves are hydrophobic, and each links the active sites in one heptamer ring (Wenzel et al., 1994) , this arrangering, monomer 1 (gray) in (A) packs against monomer 3 shown in ment may partly account for the product size distribution blue, and in the opposing ring, monomer 2 (olive) in (A) packs against of ClpP, which is also centered at hepta-or octa-pepmonomer 4 shown in cyan. As in (A), the catalytic residues are shown tides as spheres. As in (A), the small (ϩ) represents the location of the 1994). Polypeptide substrates longer than a single actwo-fold axis relating stacked monomers; the large (ϩ) represents the location of a second two-fold axis that lies between each pair tive-site cleft can simultaneously span multiple active of interring subunits.
sites with segments 8-10 residues in length between using a MAR detector on beamline X12C at the Brookhaven National
The diameter of the entrance pores to the proteolytic Laboratory, National Synchrotron Light Source. The data were colchamber will also select for short peptide products, lected in two passes; one pass (HIGHRES) was collected from 41 since these can freely diffuse out of the chamber, while to 2.2 Å , and the other from 80 to 4.0 Å (LOWRES). For ab initio larger, partially degraded substrates will be retained. A phase determination, the two data sets were merged (COMBIN).
combination of these two factors may account for the
The data were integrated and scaled using the programs DENZO and SCALEPACK (Otwinowski and Minor, 1997) , respectively.
observed distribution of product sizes. Figure 5E is a schematic representation of a polypeptide bound along Ab Initio Phase Determination Protocol the continuous intraring groove. The hepta-peptide A self-rotation calculation was performed using the program GLRF model only defines the path of each segment's P1-P6 (Tong and Rossman, 1990) , which revealed the presence of sevenpositions, giving no information on residues beyond fold noncrystallographic symmetry. Perpendicular to the seven-fold axes were two sets of seven 2-fold axes on the k ϭ 180Њ section.
these positions. Pairs of active sites in opposing hepOne set, with lower peak intensities, reflects the molecular symmetry tamers are also connected by interring grooves lying of ClpP; the more intense set is due to intermolecular symmetry diagonally across the two-fold axis providing a path for of "packing symmetry" (Klug, 1972) , which results from a special substrate exchange between the two heptameric rings.
perpendicular relationship between the crystallographic 2-fold and
The interring grooves lie adjacent to the end of the antithe 7-fold NCS. The packing symmetry is also present in the related crystal form of ClpP (Shin et al., 1996) .
parallel ␤ sheets formed by strands 9 from two-fold
In a previous study, we determined a low-resolution model for related subunits.
the ClpP oligomer from electron micrographs of vanadate-stained particles and solution small-angle scattering (Flanagan et al., 1995) , in which ClpP was represented as a hollow cylindrically symmetric tide bonds in protein substrates translocated into the dure, the ClpP molecular mask was improved using a maskless chamber at similarly high levels. The combination of averaging procedure, and the matrices were refined using a bruteforce search protocol. Details of the structure solution will be preexposed hydrophobic and hydrogen-bonding (provided sented elsewhere (Wang et al., unpublished data provide support for the notion that these proteases have similar mechanisms of action.
Conclusions

Kinetics of Peptide Hydrolysis
The peptidase activity of ClpP was assayed at 25ЊC by continuously recording the increase in fluorescence due to the release of the Experimental Procedures 7-amido-4-methyl-coumarin from the dipeptide N-Suc-LY-AMC as described previously (Woo et al., 1989) . The reaction was carried Crystallization and Data Collection out in a buffer consisting of 50 mM Tris-HCl (pH 7.5), 1 mM DTT, 1 The E. coli ClpP protein was purified as previously described (FlanamM N-Suc-LY-AMC, and various amounts of purified ClpP or ClpPgan et al., 1995) . The initial crystallization condition was found using D171A. The wavelengths of excitation and emission were 380 and the Hampton Research sparse matrix screens. Crystals of ClpP were 460 nm, respectively. grown at 15ЊC in sitting drops by mixing equal volumes of a protein solution (10.4 mg/mL in 10 mM HEPES [pH 7.5], 200 mM NaCl, 1
Sequence Alignment of ClpP Family Members mM DTT) and the well solution (100 mM NaCitrate [pH 5.6], 10%
The sequence alignment was obtained using the GCG package. PEG-4000 [w/v] , and 20% isopropanol [v/v] ). Crystals appeared Swiss-Prot accession numbers for 12 sequences are ECOLIwithin 10-24 hr and reached maximum dimensions of ‫4.0ف‬ mm in P19245, HAEIN-P43867, BACSU-P80244, SRS1-P36398, PINCOeach direction. A crystal was taken directly from the mother liquor P36387, PINTH-P41609, MAIZE-P26567, ORYSA-P12209, WHEAT-P24064, EPIVA-P30063, TOBAC-P12210, and MARPO-P12208. and frozen in liquid propane prior to low-temperature data collection
